Introduction
Adsorption of ionic surfactants has been investigated frequently; see, e.g., refs 1-17. Much attention has been paid to the case of adsorption of surfactants on mineral surfaces, in which ionic interaction between charged groups on the surface and on the surface active ions is important (see, e.g., refs 10-17). Quite different phenomena are expected with regard to the adsorption of ionic surfactants on the surface ofa hydrophobic substance such as, e.g., polystyrene, especially when the charges on the surface and on the surface-active ions have the same sign such as to lead to repulsive rather than attractive forces between surface and surfactant. In such cases, nevertheless adsorption on a hydrophobic substance may occur, since the hydrophobic tails of the surfactant are attracted by hydrophobic groups on the polystyrene surface. This is the case discussed here.
Adsorption data of surfactants are, in some cases, interpreted by a Langmuir adsorption isotherm.s-10 However, on closer look there are, at least in the cases known to the present authors, small but systematic differences between the data and the linear relation between lK and llc predicted by the Langmuir equation (where r is the quantity adsorbed at concentration c in the surrounding liquid). This has been remarked by Kronberg et al.18J9 These authors tried to connect the adsorption of nonionic surfactants with the interactions between surfactant molecules and solvent molecules, in solution and at the solid-liquid interface, expressed as two x parameters (xsolutlon and xsurface, respectively). However, in order to obtain manageable equations, the assumption was introduced, that the configuration of the surfactant remains unchanged on adsorption and is independent of concentration in solution and of the degree of occupancy of the surface.
Bohmer et al.z0-z2 calculated the distribution of the adsorbed surfactant on the basis of the Scheutjes-Fleer self consistent field t h e~r y .~~,~~ Their treatment of the adsorption of ionic surfactants was restricted to cases in which the first layer of adsorbed surfactants was drawn to the surface primarily by electrostatic attraction (e.g., a cationic surfactant on a negatively charged surface), leading to a two-step adsorption.
However, the application of this theory requires the introduction of a number of interaction parameters, which are obtained as fitting parameters, which makes the application of their theory questionable.
In order to understand the effects observed on adsorption of surfactants, the deviations from the Langmuir equation are expressed here as an excess G-function (GE) on adsorption. GE comprises, in principle, all deviations from an idealized adsorption equation. When the idealized adsorption equation does not itself include interactions between the adsorbed molecules or ions (as is the case with the Langmuir equation), GE includes all entropic and enthalpic effects of interaction between the ions both in the adsorbed state and in the surrounding liquid.
From experimental adsorption data, (AGO + GE)lRT can be calculated, in which AGO is the change in standard Gibbs free energy on adsorption of the cations and anions of the surfactant. AGO is, by definition, independent of the degree of occupation of the adsorption sites and of the 
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0743-7463195f2411-1284$09.00/0 0 1995 American Chemical Society concentration in the solution. The change in (AGO + @)I RT with 8 reflects changes in GE, expressing deviations from situations assumed as ideal both in solution and in the adsorbed state. In solution, the ideal state comprises absence of interaction between the dissolved ions. For adsorbed ionic surfactants, the most appropriate definition of an ideal state is localized adsorption for the surfaceactive ions and mobile adsorption for the counterion, again without interaction.
This attack leads us, according to our point of view, as far in analysis of adsorption data as one can get without other assumptions than the basic ones of statistical thermodynamics. The interpretation of the (AGO + GE)/ RT vs 8 curves thus obtained must however make use of more detailed model assumptions.
In order to fully understand the meaning of the excess Gibbs free energy of adsorption GE, we give in the theoretical section the derivation of the equations con-
cerned. This appears to us to be especially useful since a combination of localized and mobile adsorption, as discussed here, is not frequently employed.
Theory
The two most simple idealized types of adsorption are localized adsorption and mobile a d s o r p t i~n .~~-~~ From the viewpoint of statistical thermodynamics, they are differentiated by the energy barrier which an adsorbed molecule or ion must pass when moving along the surface from one adsorption site to the next. When this is large compared to the thermal energy of a molecule, localized adsorption is the appropriate model, while the mobile adsorption should be regarded as the ideal for comparing experimental data when this energy barrier is small compared with kT (where k is Boltzmann's constant and Tis the absolute temperature); it may even be nonexistent when there are no distinct adsorption sites as is the case, e.g., on a liquidiquid interface or for an ion in the diffuse double layer. This difference leads to an essential difference in the partition function of a monolayer adsorbed in a localized or in a mobile way, respectively: 
M!
Therefore the contribution of the monolayer to the thermodynamicA function (Helmholtz free energy) is given by 
= (6)
1 + c exp( -RT) AGO where AGO = po -pn per mol8'of surfactant.
Thus, it is seen that the Langmuir adsorption isotherm can be derived without any assumptions with regard to the equality of size of solvent and solute molecules (as proposed by Kronbergl9 B. Mobile Adsorption. In this case, the formulas are quite similar to those given above, with the important difference that the number of distinguishable ways of distributing m identical adsorbed molecules over the surface is now given by Vm!. Thus, in this case the partition function of the adsorbed monolayer becomes
(7)
in whichjs(T) is now the partition function for the internal degrees of freedom of the adsorbed molecule including vibration normal to the surface. The motion of the molecule along the surface is included byl(T), the partition function for translation in two dimensions in an area A, which is given by
in which m' is the mass of the adsorbed molecule and h is Planck's constant. This leads to the following expression of the chemical potential of a molecule adsorbed on a surface in mobile adsorption
It should be borne in mind that in this case, the standard state for the surface referred to by po is 8 = 1, while in eq 5 it is 0 = 0.5. This does not, however, have any consequence on the final equation since the difference is Tuin and Stein a constant term (independent of concentration or degree of occupation of the surface).
On equalizing this to the chemical potential of a dissolved molecule, we obtain a "Henry" type of adsorption isotherm: e = c e x p --( %I Adsorption of an Ionic Surfactant. Thus far, the theory relates to nonelectrolytes. In the present investigation, we are dealing with an ionic surfactant, with a surface active anion, adsorbed from an aqueous solution, on a hydrophobic surface which has, from its preparation, already some negative charges. The theory will be restricted to the case of univalent cations and anions. In this case, adsorbed anions will be fured with their hydrophobic tails to adsorption sites, while the simultaneously adsorbed cations are present as counterions in the vicinity of the solid where there is nothing like a distinct site. The best model to compare experimental adsorption data with is, in such cases, mobile adsorption for adsorbed cations and localized adsorption for adsorbed anions.
When treating electrolytes such as an ionic surfactant (SDBS), the following changes have to be introduced in eqs 1-10: (a) In solution, the chemical potential of a surfactant molecule (cation + anion) is given by (b) When we are dealing with an ionogenic surfactant with surface-active anion, the chemical potential of the anion in the adsorbed &ate can best be described by localized adsorption; in addition, the electrical work has to be taken into account which is necessary to bring an electrically charged group (of charge -eo) to the potential q d , which is the average potential to which the adsorbed ionic head groups are subjected. Thus, the chemical potential of the adsorbed anion is taken to be described by where Nav is Avogadro's constant. (c) The adsorption of the cation is taken to be mobile. In addition, the adsorbed cation (electrical charge eo) should be brought to the potential qaverage, which is the average potential to which a counterion is subject in the electrical double layer. This leads to
The chemical potential of the adsorbed electrolyte (cation
However, since the electrostatic terms are dependent upon the surface charge and therefore on the degree of occupation, 8, of the adsorption sites, it is more consequent to include them in GE, the excess Gibbs free energy of adsorption. This takes into account all deviations from an adsorption determined by chemical potentials described by eq 11 for the dissolved electrolyte and by -0
pcat+an,ads -pcat+an,ads for the adsorbed electrolyte.
by the equation
The adsorption is thus determined thermodynamically RT I n ( B Z ) + GE (16) 1 -8 in which GE takes into account interactions between the ions, both in the solution and in the adsorbed state, including the electrostatic interaction between the head groups of the surfactant mutually, between the counterions mutually, and between the counterions and the head groups.
By doing so, one can calculate the quantity
RT from an experimentally known relationship between the concentration in the solution (3c) and the degree of occupation of adsorption sites (e). The concentration in the solution x is expressed here as the fraction of positions in the surrounding liquid, which is occupied by solute. AGO is, by definition, independent of the concentration in solution of the degree of occupation, 8, of the adsorption sites.
The question may be asked whether a Volmer type of adsorption isothermzs would not be more appropriate in the case at hand. This type of equation is employed in cases of mobile adsorption when the amount of adsorbate which can be accommodated at an interface is limited by the size of the entity to be adsorbed, corresponding with an expression for the partition function for translation in two dimensions in an area
instead of eq 8. A0 is the minimum surface area which must be available for a molecule to be adsorbed. However, in the case at hand, in which we apply a mobile adsorption equation to the cations of an anionic surfactant, the quantity of cations which can be adsorbed is indeed limited, but not by the size of the cations. The restriction is imposed by the electrostatic charge on the cations: no more cations can be adsorbed than the sum of the negative anionic groups on the surface and the adsorbed anions because this would violate electroneutrality. Such a restriction is imposed by electrostatic potential considerations and thus is included in GE. Inclusion of the restriction by means of an area A0 would correspond with an incorrect expression for the entropy of the adsorbed cations.
Recently, Oh and Shahz9 reported that the size of a counterion may limit the distance between adsorbed surface active ion, as shown by differences in area per adsorbed surfactant molecule at maximum surface coverage, between Li, Na, K, and Cs dodecyl sulfates. This should, however, not be taken as an argument for assuming localized adsorption for the counterions. In solution, below the critical micelle concentration, the deviations from ideal behavior agree with reasonable accuracy with the predictions of the Debye-Huckel theory,30 and even in micelles, where part of the counterions move (e.g., in electrophoresis) with the surface active a considerable part of the counterions is not bound, which suggests that the shift of a bound counterion from one adsorption site to the next is a process of low activation energy compared with kT. The best way to combine this evidence with the findings of Oh and Shahz9 is to assume that at high degree of coverage groups of surface active ions adsorbed on adjacent sites create a pronounced local potential; additional surface active ions can then only be adsorbed on a neighboring site when the local potential is partially shielded by the nearby presence of counterions. Since this effect is typical of a matter of mutual influence between adsorbed ions, it is incorporated in the theory presented here in GE. The findings of Oh and Shah29 should be incorporated only by their influence on the surface area per adsorbed molecule at maximum surface coverage.
Experimental Section
Materials. Sodium dodecylbenzenesulfonate (SDBS), ex. Albright and Wilson (Nansa 1260,25% (w/v) in water), was used without further purification. Surface tension ( y ) measurements showed no minimum in the y vs concentration curves, indicative for the absence of surface active impurities.
Water was twice distilled using an all-glass apparatus. PS Latex. The preparation and characterization of the latex is described elsewhere.32 The diameter of the latex particles used (latex L-78) was measured shortly before use. In Table 1 the properties of this latex are given: number average diameter (D,), surface average diameter (DJ, volume average diameter (Dv), degree of polydispersity (P, = D,ID,), and the surface charge density (uo).
Determination of Solids Content. The solids percentage of the different PS latices were determined by drying a known amount of the latex in an oven a t 105 "C, until constant weight was reached.
Procedure of the Surface Tension Measurement. Surface tension measurements were performed using a Kriiss KlOT automatic tensiometer (Kriiss GmbH, Hamburg) equipped with a Du Nouy ring. Before the measurements the glass vessel (diameter 4 cm, height 2 cm, ground upper edges) was cleaned using chromic acid and washed with twice distilled water. The dry vessel was then heated in the gas flame of a Bunsen burner. During a measurements series the Du Nouy ring was also heated in a gas flame between measurements.
After addition of 20.0 g of PS latex to the glass vessel and a 10 min wait for thermal equilibrium, the surface tension was measured twice. Then 0.5 mL of 0.03 M SDBS solution in water was added and after 10 min the surface tension was measured. This procedure was repeated until the critical micelle concentration (cmc) was reached (the point where further addition of SDBS solution effects only a very slight surface tension decrease). All surface tension measurements were performed a t 22 "C. centrifuge (Kontron Instruments, Italy). The supernatant titration was carried out as described for dispersions containing PS particles. Figure 1 ). This decrease continues up to the point where further addition of SDBS solution results in a much smaller decrease in surface tension (the critical micelle concentration, cmc). In the presence of a larger solids percentage of PS particles, a larger amount of SDBSsolution has to be added to reach the cmc.
Results and Discussion

Adsorbed amounts of surfactant are calculated from surface tension measurements on addition of SDBS ("titration") to latices containing various amounts of PS. On adding SDBS to a latex the surface tension ( y ) decreases as more SDBS solution is added (see ref 33,
Similar titrations were performed on supernatant solutions obtained on centrifugation of latices. In Figure  1 two typical supernatant titration are shown. In this case the surface tension is plotted versus the concentration of SDBS in the water phase. The concentration of SDBS in the water phase was calculated from the added amount of SDBS solution to the sample cell. Because of the small surface area of the measuring vessel, the amount adsorbed at the water-air interface can safely be ignored.
Interpolation between the measured data is effected by adjusting the data to the Szyszkowski equation.34 This equation relates the surface tension to the concentration of surfactant in the water phase:
where y is the surface tension at a certain concentration of SDBS in the water phase, yo is the surface tension at concentration 0 of SDBS in the water phase, R is the gas constant, T i s the temperature, c is the concentration of SDBS in the water phase, a is a constant, and r" is the maximum surface excess of SDBS.
Szyszkowski made the assumption, based on empirical data, that the equation is only valid below the cmc for uncharged particles.
It appeared however, that the Szyszkowski equation has a broader validity. The equation is used by Rosen and Aronson35 for alcohol and anionic surfactant, by mol/"+ 0, 3.6% solids; 0, 7.6% solids; B, 11.8% solids.
[SDBS] (mmol/l) Figure 2 . Adsorption isotherm for SDBS on latex L-78: 0 , 3.6% solids; 0, 7.6% solids; B, 11.8% solids. the experimental data points, whereas at higher concentrations we observe a higher surface excess.
In order to understand this picture, the same data points were used to calculate (AGO + GE)lRT of the adsorption of SDBS from solution on the basis of eq 17. In order to calculate 8, a value for the maximum surface excess has to be assumed. We used, in the first place, the value of 1.5 x mol/m2. This value was calculated on the basis of an adsorption area of a SDBS molecule of 55 A2.33 In Figure 4 the change in Gibbs free energy ((AGO + GE)lRT) as function of 8 is shown for r" = 1.5 x It is found that (AGO + GVRT is dependent on 8: at low 8 values, it is decidedly larger in absolute value than at high 8 values. The exact form of the curve in Figure   4 depends on the value assumed for the value of P used in the calculation. Thus, Figure 5 shows a similar graph based on r" = 1.25 x mol/m2. The effect of (AGO + GE)lRT being strongly negative at low 8 values remains.
A similar course of (AGO + GE)IRT as a function of 0 can be calculated from adsorption data of surfactants reported by, e.g., K u~t e r s ,~~ Ali et al.,1° and Bohmer et alez0 Paxtong found deviations in the Langmuir plot of adsorption of ionic surfactant (SDBS) on PS particles in absence of salt, similar to those reported here. At low concentrations of surfactant in the aqueous phase, Paxton observed a larger adsorption area than expected from the Langmuir plot. An explanation, however, was not given.
Paintel.8 reported the adsorption of sodium hexadecyl sulfate on PS particles in the presence of mold-, NaBr. He divided the adsorption isotherm into two regions: at mol/mz.
MiilleF for cationic surfactants and Kegel et al.37 for the system brine, anionic surfactant, alcohol, and cyclohexane. They all obtained good results in using the equation to describe their data. In the present investigation the fitting of the equation was performed using a least-squares method, in the same way as was done by Muller.36 As can be seen from Figure 1 the Szyszkowski equation fits the data very well. There is, however, a small difference between the two supernatant titrations. Therefore supernatant titrations have been performed for the different solids percentages used.
Using the Szyszkowski equation, it is possible to calculate, on the basis of these data, the adsorption isotherm for adsorption of SDBS on PS. This is shown in Figure 2 for the different solids percentages used.
This isotherm is found, on closer look, not to conform to the Langmuir equation. This equation can be written as:
( 20) where k L is an adsorptioddesorption constant (equal to exp(-AGOIRT) in eq 6). Equation 20 thus corresponds to a linear relation between l/r and llc.
As can be seen from Figure 3 , this is certainly not the case. At low concentrations we observe a lower surface excess than expected from a best fit straight line through low concentrations of surfactant (up to ca. 8 x moVL) the adsorption could well be described by a Langmuir adsorption isotherm, whereas at higher concentration a linear relationship between concentration of surfactant and surface excess was obtained. In the first part of the adsorption a large adsorption area for the surfactant was found. This value was comparable to the adsorption area of a surfactant molecule lying flat on the polymer surface.
Ali et a1.lo reported the adsorption of a nonionic surfactant (odaphenoxyethoxylate, with 18 ethylene oxide units per molecule) on PS particles. Their Langmuir plot showed the same kind of deviations as reported here. This behavior was attributed to the drivingforce of adsorption, as was given by &onbergis and Kronberg et al.19 From thermodynamical analysis, they stated that a large part of the driving force of adsorption was due to replacement of a large number of surfactant-water interactions by surfactant-surfactant interactions. A minor part of the driving force was attributed to the replacement of surfacewater contacts by surface-surfactant contacts.
However, Kronberg et al.18J9 supposed that the configuration of the adsorbed surfactant is independent of surface coverage and concentration. This can only be defended as a first-order approximation. Kronberg discusses the possibility that the surfactant is adsorbed in a flat configuration along the PS surface. This model is equal to the one proposed here at low 8 values.
Our data clearly indicate that (AGO + GE)/RT changes in the positive direction with increasing 8. This differs fundamentally from the phenomena reported by Fuerstenau et al.,I2-l5 in which a rapid increase of the adsorption above a certain surfactant concentration was found corresponding with hemimicelle formation. This would show up in a change of (AGO + GE)/RT in the negative direction; this is found in the case discussed here only at large 6 values.
Since AGO is, by definition, independent of 8, the variation of the quantity AGO + GE with 6 must be due to variations in GE.
In GE are included all effects due to interactions between the ions, both in solution and between adsorbed ions. The interactions between the ions in solution can, in the concentration range concerned, be described with reasonable precision by the Debye-Huckel equation which predicts that they are negligible (activity coefficients ranging between 1 and 0.95). The course of (AGO + @)I
RT as a function of 8 then should be ascribed to interaction between adsorbed ions. There are two possible explanations, as far as we see: (a) The presence of negative ions on nearby sites effects an electrostatic repulsion on the ionic head groups of surfactant anions to be adsorbed; at high 8 values, this is compensated by an attractive interaction between the hydrocarbon tails of adjacent surfactant ions. (b) At very low 6 values, the hydrophobic tail of a surfactant ion is adsorbed onto the surface in a flat configuration, leading to a large (negative) adsorption energy which is equivalent to AGO + GE being negative, but large in absolute sense.
Adsorption in a flat configuration is no longer possible when many neighboring sites are already occupied by other surfactant ions. This leads to a decrease in absolute sense of AGO + GE with increasing 8.
Of these, the electrostatic interactions between the adsorbed ions are accounted for by the term -N,so($JaVaverage) (eq 14) . This term can be estimated on the basis of the Gouy-Chapman equation) assuming that the head groups of the chemisorbed anions form a kind of Stern plane while the counterions are in the diffuse part of the double layer. Thus, the potential ~6 is assumed t o be that corresponding to a surface charge -eo8n,,tes, where nsltes Langmuir, Vol. 11, No. 4, 1995 1289 is the number of adsorption sites per unit surface area. This leads to39 where EO is the permittivity of the vacuum) E* is the relative permittivity, k is Boltzmann's constant, a 0 is the surface charge density, and n, is the concentrations of ions in molh3. From eq 21, ?#a can be explicitly formulated as The average potential, to which the counterions are subject, is calculated from the Gouy-Chapman theory, by
where x is the distance from the plane of the head groups of the adsorbed anions and
( 2 5 )
Using formulas (24) and (251, this leads to
In this expression, z is the valency of the counterion (sign included). Thus the argument of the exponential function is always > 0: if the negative ions are chemisorbed, then is <O, while z is >O; with the minus sign before the quotient in the exponent, the argument as a whole becomes >O. In the experimental conditions used in the present investigation, the absolute value of ~6 always is large enough to lead to
in which again z is the valency (sign included) of the counterion. It should be noted that the assumptions underlying the Gouy-Chapman theory are too strict for the case at hand. Especially the assumptions of the situation of the negative charges of the ionic headgroups of the adsorbed surfactant anions and of the sulfate groups on the PS surface, arising from the initiator, in one plane are not strictly applicable. However, even in the absence of surfactant, negative zetapotentials larger (in absolute sense) than 60 mV have been observed for the PS latex used here.40 Thus, the absolute value (~6 )~'~ will be z 60 mV. Ifwe introduce this in eq 26, we find that the value of ((zeo(V6 -Vaver))/KT can only vary between 1.10 and 1. Thus variations in this quantity can only account for a small part of the variation of (AGO + GE)/RT with 8.
This means, that at the 8 values found in this investigation, the electrostatic term can only partially be held responsible for the dependence of AGO + GE on 0 calculated from the experimental data. Thus, an important part of the change of AGO + GE at 8 values <0.5 must be due to decrease in interaction energy of the surfactant anion to be adsorbed, with the polystyrene surface. This can be understood as arising from prevention of adsorption of surfactant molecules in a flat configuration along the PS surface with higher 8 values.
The question may be raised why the attractive interaction between neighboring chains becomes predominant only at large 8 values. This can be understood from the counteracting effect of freedom of movement of the adsorbed hydrocarbon chains when not bound directly to an adjacent hydrocarbon chain; only at large 8 values are the chains so much limited in their movement that the attractive interaction prevails. This effect is analogous to the attractive interaction between dissolved surfactant molecules leading to micelle formation at large concentrations only. In the case of adsorbed surfactant ions, this effect will be strengthened, because at large 0 values the surfactant chains will contact the polystyrene surface with their final CH8-group only (if the explanation offered here for the dependence of AGO + GE on 8 is right); this leads to a large contact zone with an adjacent hydrocarbon chain.
The change of (AGO + GE)/RT in the negative direction at large values of 8 is analogous to the hemimicelle Tuin and Stein is >O. Thus, on simultaneous adsorption of a cosurfactant which has an attractive energy with the surfactant's hydrocarbon chain but no electrostatic repulsion with its head group, the adsorption of the surfactant itself is ~t i m u l a t e d .~~ Thus, the increase of surfactant adsorption in the presence of a cosurfactant supports the explanation of the (AGO + GE)/RT vs 8 curve given here. In addition, this model agrees with calculations by Bohmer and Koopa120-22 on the distribution of surfactant segments in the vicinity of a solid surface, although the surfaces considered by these authors differ significantly from those investigated in the present study.
12-15).
Conclusions
GE, the excess change of the Gibbs free energy of adsorption of an ionic surfactant, is calculated here as comprising all effects of interaction between adsorbed ions and between ions in solution. As starting point, localized adsorption is assumed for the surface-active ion, while mobile adsorption is assumed for the counterion.
GE is found to significantly depend on the degree of occupation, 8, of the adsorption sites. This dependence can be understood as indicating negative adsorption energy, large in absolute sense, at very low 8 values, corresponding with adsorption of the surface-active ion on the surface in a flat configuration. At higher 8 values, this is not longer possible and the absolute value of the adsorption energy decreases, corresponding to a change from a flat to a more dense configuration.
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